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The salubility isotherm for CaHPi, - ZHod (DCFD) in the threc.component symtem Ca{(0H)
— P — Hel¥ waa determined in the gH range 3.5 10 6.8 by leaching s thermostaled colymn of TP
with diluie phoaphorie acid solutions.  In confirmatory experimenta, equilibrium was approached bolh
from super- and under-saturation by shading DCPD with lxpmprll.ll: solutione.  The ealculated ionic
aativity prodwpot (Ca* +3 (HPO7), appeared to he a par ic function of pH with a minimum near pH
50. Tha gH dependenca of the ionic product could be gecounted for by considering the fon pairs
{CaHPOLT and [CaH,POL]* 23 semi-empirical perametars. Under the condition of saturatipn with
n-ﬂ’mt to DCPD, 1he activity of the Tm [CaHPoy]® must be 2 constant. The amiti:ﬁ of the apecies
[CaHPO.]+ was shown to vary directly with hydrogen ion aelivity, The activiliea of Lhe two ion paics
were adij:hmd to give a ae1 of pH-independent ienic activity prodacts with a mean of 2. 190,011 » 10-7,
The siability conatants for [CaHPO,)® and FCaH:POL )+ are 5,88 = 0,031 = 10¥ and 7.49 =0.039, reapee-

tively. Experiments were condocted to study the hydrolysis of WCPD to more basic calcium phog-

Ehtles and the kincl{m of these tranaformations i digcussed, The significance of the fon pairs in

uman serum is considered.

kKey Worde: Solubility of calciom monohydrogen phosphaie dikydrate st 375 °C, caleium-
phosphaie ion-pairs, aclubility of dicalcium phosphate dihydrare, solubility of dibagic

calcium phosphate dihydeate.

1. Intreduction

Dicalcium phoaphate dihydrate (DCPD), CaHPO,
- 2H:0), has been found as a component of dental cal-
culi [1]7 and other biological depoaits [2] A role for
DCPD as a nucleating agent {3] in calcification of
tissues and its presence at the dental caries site 4]
have also been suggested. Also, DCPD has chemical
properties which are very helpful for the study of chem-
ical interrelations among the various phosphbates of
biological significance: its high rate of solution for
example, makes it possible 1o prepare reproducible
calcium phosphate solutions within a wide range of
concentrations and pH values which can be used in
connection with crystal growth studies, caleification,
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etc. It has commercial importance as a constituent
of ferfilizers, feed-grade dicalcium phosphate, and
dentifrices.

For these reasons, its solubiliey is of importance;
there is disagreement, however, in reported values of
it solubility product constant [5, &, 7, 8, 9). Perhaps
the most important cause for inconsistent reposts is
its metastability with respect 1o the anhydrous salt,
CaHPQ,, and the more basic calcium phosphates,
hydroxfapatite (HA), Cao(OH)2(PO;)y, and octacal-
cinm phosphate (OCP), CagHa(PO4) - 5SH:O, [10]
Formation of complexes or jon pairs between the cal-
cium and orthophosphate ions, as reported here, also
contributes to wncertainty in solubility product con-
stants calculated from solubility data. Its solubility
isotherm in the three-component system, CalOH):
—HPO—H 0, at 25 °C iz known [9]. The solohility
1motherm and solubility product at physiclogical tem-
perature, 37.5 ", are reporied here.  Equilibrations
of BCPD with dilute phosphoric acids, using the leach-
ing technigue previously described [9], proved auve-
cessful in minitnizing formation of secon phases,
Barchwise equilibrations were used to verify the results
obtained with the leaching technique.
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2. Methods and Experimental Materials

2.1. Preporation of Materiah

Dicalcium phosphate dihydrate was prepared by
ammoniating in an ice bath an aqueous solution initi ally
saturated with Ca{HzPOy)s - HoO and CaHPQ, - 2H0;
details are described elsawhera [9]. Chemical anal-
yeia of this salt yielded Ca, 23.20 percent and P, 17.93
percent (theoretical: Ca, 23.20 percent and P, 18.02
percent). Petrographically, the preparation appeared
as pure, homogeneous DCPD.

Phosphorie acid solutions were prepared from doubly
crystallized hemihydrate, ZHsPO, - HeQ, and freshly
boiled conductance water. The molarities of the final
solutions were checked by chemical analysis,

2.2. leaching Expariments

The leaching apparatus is shown in fgure 1. An
B-cm layer of DCPD crystals was poured on top of the
fritted glams {(medium poresity}, F; phosphoric acid solo-
tivn was poured into the column; the solid was stirred
to remove ait bubbles: finally about 3} ml of phes-
phoric acid solution was poured into the reservoir, 5,
continuosly flushing the apparatus with nitrogen.
Water, from a constant temperalure bath, was pumped
through the jackets, W, maintaining the \emperature
at 37.5 =0.1 °C as measured by thermometer The
efflnent from the column was collected in the thernm-
stated cup D) in which were mounted glass and calomel
electrodes of 2 commercially available pH meter
(claimed relative accuracy = 0.0037 pH wunits) and
through whieh flowed a slow ecurrent of COsfree and
water-saturated nitrogen.  When the pH of the aolution
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entermaf the cup I} bacame conmtant, several samples
for analysis were collected through slopmks CorE.
The pH was rechecked several times during sampling
and at varicus flow rates to be sure that the effluent was
aaturated. Standardization of the pH meter was made
with certiied NBS buffer standards [11]. The un-
certainty in pH measurements was estimated to be
about =0.008 pH units. The hydraulic head was kept
constant by means of the Maniotte valve M. The rate
of flow at which the samples were collected was abont
25 ml per hour. When Faster rates were neaded, nitro-
gen pressures of up to 3 pai were used to supplement
the hydraulic head.

2.3. End-Over-End Equilibrations

A series of equilibrations was made in glasa-stop-
pered bottles, each of which contained 5 g of DCPD
and 120 m] of phosphoric acid (1.00 x 104, 1.0 > 10-2,
0.00 % 30-3, or 5,00 10-23f) by slowly rotating end-
over-end in & water bath at 37.5=0.1 °C. In addition
to the DCPD, 0.1 g of octacalcium phosphate,
CasHa(PQy)s - 5H0, (OCFP), was added to replicites of
the two most dilute systems. At selected time inter-
vals the contents of the botles were filtered throngh the
sintered glass in the thermostated apparatus shown in
figure 1; pH values were determined and samples were
collected for calcium and phosphorus analyses in the
manner described above,

Equilibrium was also approached from supersawura-
tion, taking advantage :19 the negative thermal coef-
Aeiont of solebility of DCPD: a column of DCPD in the
apparatus shown in figure 1 was leached with 5.00
# 10-3M phosphoric acid at 25 £0.1 °C; the pH of the
effluent wae determined and a sample was taken for
caleium and phosphotus analyses. The effluent was
collected under a COyfree atrmosphere in a glass bottle
containing ahout 2 g of DCPD; when the volume was
about 1A ml, the hottle was stoppered and equilibrated
in a water bath at 37.5 =0.1 *C as described above.
The pH and the caleium and phosphorus concentra-
tions of the liquid phase were determined after 16
days of equilibration.

2.4, Colchum and Phoaphorus Determinations

Caleium wan determined eolorimetrically by the in-
divect technique described by Banerjee et al. [12]
Phosphorus was determined using the vanadomolyb-
date reagent of Brabson et al, [13]. In both analyses,
samples were compated directly with blanks and stand-.
ards in & double beam spectrophotometer. Uncertain-
bes in phosphotus and calcium determinations wers
estimated as 1.0 and 2.5 percent of the amounts
present, respectively.

3. Calculotions

3.1. Apporent Salubility Product Constants, X .,
The ionie strength, g, is defined in these calculations
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by
=y + H*2P+ Pfi] (1)

in which P and H* represent molar concentrations of
phosphorus and hydrogen ion and the other symbols
are defined as:

v =2MP (2}
—HY 2

-:Il'—2‘,&-!1-,+-'il..\r (3}
_Hy HY 1

A K]Kz +Kzfr +f~ur {4‘}

In eqs (2), {3), and {4), (H*} and M represent the
hydrogen ion activity and the molar concentration of
caleinm, respectively, X, and K. are the first and see-
ond dissociation constants for phosphoric acid, and
f' and " are the molar activity coefhicients for the
species HsPOy and HPODY, respectively. The nu-
merical values for K, and K; used here were 6,53 % 102
[14] and 6.57 X 10~%, respectively. The value of K
at 37.5 °C was interpolated by means of the equation

pE:=7.19904 -1 135 % 10-2 X4 1,998 10-3 Y=
— 664 % 10~* X? with X =(T °K— 298.15)/5

derived from a portion {0—45 °C} of the experimental
data of Bates and Acree [15].

Equations (1), (2}, (3), and {4) are consistent with the
assumptions that the only ionic phosphate species
present in significant concentrations are H:PO37 and

- HP(O5 and that the contribution of hydroxy] ion to the

ionic strength is negligible in comparizon with that of
the other ionic species present, These assumptions
sre justifiable in the pH range of the present investiga-
tion.

An approximate jionic strength was obtained by the
use of eqs (1) to (4) assuwming unitary values for f* and
f. improved ionic activity coefficients, fi, were then
caleulated from the extension of the Debye-Hickel
Limiting law,

A2V
~loe A= TR (%)

in which £ represents the valence of the ith jon, @ its
distance of closest approach, and 4 and B are 1em-
perature-dependent constants: the numerical values
chosen [16] for B and A were 0.331 X 108 and 0.522,
respectively; the numerical values for g were Cat™,
62108 em; HPOT and H.PO;, 4x10-% em [17]
With activity coefficients obtained by the nse of eq
{5}, a new value for p was calculated from eqa (1) 10
(4) and iteration was conlinued until convergence was
attained, which wsually occurred after three cycles.

The activity of HPO7, (HPO7), was calculated from
(HPO7S)= Pfx (6)

and a solukility product for dicalcium phosphate di-
hydrate, K;,, was calculated according to eq (7,
assuming a value of unity for the activity of water,

K! = Mfze (HPO:)=MP me @

The solukility product calenlated in this way was found
to be dependent on concentration and is referred to
here as the “apparemt”™ solubility product. A more
nearly constant value, K,,, was obtained by allowing
for the presence of the ion pairs, [CaHPO,]° and
[CaH:P(,]* as deacribed below.

3.2. Stability Constanis
The several stability and ionization constants con.
sidered in this paper are defined asz the equilibrium
canstanta of the following reactions in solution:

(4) Associative reacticns (stability constanis)

Ca+* + HPO7 = CaHPOQ, [X7] {8)
Ca** + H,PO; = Ca{:PO  [KF]. (%)
{b} Dissociative reactions (ipnization constants)
Ca(H:PO,+ & CaHPO, +H-  [K,] (10}
CaHPO, = CaPO; + Ht (K:]. (11}

For asystems saturated with respeet te THCPD, the
concentration of the uncharged species [CaHPQ,]%,
X*, is given by

X =K: (Ca-WHPOSWfr =K? Kuplfr  (12)

in which {Ca*t) is the activity of jonic calcium and
K.p is the activity preduct (Ca*+HHPOS). Therefore,
X° iz constant, assuming, as customary, that the ac-
tivity coefficient, f~, of an uncharged species in a
dilute electrolyte solution is unity. The activity,
(¥*), of the charged species [CaHP0.]* is given by

(Fry=Y+ £ = XH)K, (13)

in which ¥* represents the concentratton of the species
[CaMH:PD,]*; accordingly, the activity of the charged
apecies is proportional to the activity of hydrogen ion.
In Lhe calealations reported here, it was assumed that

Fi=fF'. It follews then, that if any two zolmions
designated by “2™ and "5 are considered, the con-

centration Y, in solution 4" ia related to that in
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solmtion “&” by the equation

LA
(H*af,

For the calculations in this paper, solution “a™ was
taken as the most dilute solution in table 1. The
selection of values of X° and ¥ was made from an
array of reasonable pairs set up for exploratory pur-
poses; the choice of the values finally selected was
based upon considerations outlined in the discussion.

¥: ¥; {14)

ETY

Tavre 1. Solpbifity of CaRPO, -2HyOQ. Seletion compositions

obtained in leaching cxperimonts
Concenira Compasition of effusent
Sviem | tiom of ki1 g
o, HyP0,
Mo I FH JCa, M 1P | M x 1y

I 5 &, T [IE JLE hifly. 2150

2 10 12y 17 i XN .50 L

3 10 Bl 1340 T b 2.2,

i 30 il 3.1 101, 243, %=

E) I 4 .58, LG, 2034 41, 214

& 20 41k 201, 40T, 5Ty LI

T 200 LAES 1. M. LAE, 217,

i 00 3.5+ R, 979, .86, LEL
50 o4 03
Avg* 2,59 =005 | 209001,

~ Stanedard devintion.
" Avaruges ginom with Lhe standard eroor of the moam,

3.3, Correctad Solubility Product Constant, K,

The ionic siremgth was now caleulated considering
the balance equations (15) to (19}

r=¥r+X° (15)

M=[Ca**]+7 (16)

P=S Pts am
=

[Car*)=M1-B) a8

: ) 1
po=p(1-L1g) 19

b3 (1- 389} a9

In eqgs {15) to (19}, 7 is the total concentration of cal-
cium for pho=phorus) in ion pairs, [Cat+] is the concen-
tration of unpaired caleiwm; Y is the concentration
of ¥npaired phosphate species of charge 7; 8, the frac-
tion of total calcium in paired forms, is §=7{M. The
icoic strength, i, is given by

=P [;— —% (%ﬁu) + (D) (1—%3::)

—agpoe-ns| e

and the solubility product constant, Ky, is given by

Kpp=MAl =) (1= 1) (fea/N).

For each selected pair of values for X* and Y3, eq
{20} was solved by successive approximations starting
with unitary activity coefficients analogously to the
procedure outlined above.

21y

4, Rasults

The composition of effluents in the leaching experi-
ment: and the corresponding caleulated solubility
products are shown in table 1.  All the compositions
are averages of at least two samples. Within experi-
mental error, the final phosphofus concentrabion
equaled the original phosphoric acid concentration
plus the calcinm concentration in the effluent, indi-
cating that congruent dissofution took piace in each
case,

The calcium and phosphorus concentrations in the
various effluents at 7.5 *(C are plotted against pH in
figure 2; corresponding curves for 25 *C [9) are shown
as broken lines. It is apparent that DCPD is more
soluble at 25 °C than at 37.5 °C.

Apparent solubility producta, K, listed in table 1,
are plotted against pH in figure 3. The concave shape
of this curve is consistent with a model in which the
ion paire [CaHFPOL]" and [CaH,PO4]* are present in
sojution. The corrected solubility preduct constants,
Kip, calculated on the basis of this model are also
plotted in figure 3. The maximum variation in K,
about 4 percent, is satisfactory in view of the analytical
uncertainties. In contrast, X, varied by abom 20
parcent.

In table 2 are listed the parameters used in the cal-
culations along with pertinemt stability and wnization

w

Ll b sy

i syl

MOLES of Caor P per LITER

FicORE 2, Soiufility Dotherm of DOPI a 37.5 °C, fulf
fine, and ot 25 °C, broken line [9).
Cpatt circles, ¢ ihera chiafmtd I lesching apparswe: iciangles,
compoailions htalrad b end-svar-end xperiments; squares, indtal and Gual
CinTfHIONS. 0 Luper-anratiom oK pe rUTRRrME (ses umm i M,
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constants. The values for K% and K, were calco-
lated wsing eqs (12) and (13}, respectively. The values
for K3 were calculated from
(MK
K: MH"‘:I (22}

The comstancy in the value of Ky is imposed by the
calculative procedure, as will f-e explained later.
The near constancy in the values of K¥ and K3 (1able 2)
lends strong support for the existence of the comp]exﬂs
postulated heve.

The fraction of phosphorus complexed, 7/P, is also
plotted in figure 3. There appears to be & minimom
of complexing at pH 5  As might be anticipated, the
minimum in the fraction of P present as ion pairs is
nﬂar]}r coincident with the minimum in the K, curve
in the same figure.

The compositions of all the solutions obtained in the
end-over-end equilibrations, listed in table 3 and shown
in hgure 2 as triangles, lie close to the izotherm ob-
tained in the leaching expedments. However, only

TABLE 3.  End-orer-end eguilifrorions

Solition composition
Twinial 2albd Cancanars | Equilibnsion
phaser tiom af Timee = bour
HsFi), rH Co.M=10 | P10
M= 1F
LCFO+0OCF [ L]} i 5.0, VRN My,
DCPB -+ COCP I AR 565 2’1, 52.Ta
HFD A 5 T3 Tl B34
[ ] Al b i 0t 7.9,
HFD A L] S0y Tl 42 by
CFD Al 4 555 5.4,
DMEFD A1 950 528, 4371, BA B,
DCPD (L 1o 515 514 wa
DCPD 50 192 357, 4734 ol

two of the systems, the last two entries in table 3,
showed congruent dissolution. These contained only
DCPD and were equilibrated with 5.00 % 10-38 and
500x10-¢M phosphoric acid, respectively. The
cotapositions of these two solutions are the only ones
that are essentially the same as those obtained in the
corresponding leaching experiments, table 1.

In the OCP-free systems equilibrated with 1.00
% 10-*M phosphoric acid, table 3. a more basic phos-
phate precipitated as evidenced by the changes in com-
position with time. The rate of thizs precipitation was
relatively fast at the beginning and then decreased.

The two systems containing both DCPD and OCP,
table 3, were included with the hope of obtaining the
pingular point For the two salts (i.e., the solution which
would be in equilibrium with both salta). The lack
of agreement in the final composition of the two solu-
tions indicates thar at least one of them did not remain
at the singular point composition. Hydrolysis of OCP
to a more basic phosphate, presumably hydroxyapatite,
would account for this result.

The initial and final compesitions in the experiment
in which equilibrium was approached from supersaiu-
ration are shown in the tabulation:

gH Ca P
Hxlr | Mx1
Initial 5.0, 52.9, 101 .
Final 5 14y 48.2, 100.;

The initial and final compositions are shown as squares
in Agure 2. It is apparent that the former lies on the
25 *( isotherm and the lawer on the 37.5 *C isotherm.

5. Discussion

5.1, Leaching Experiments

Theé more basic calcium phosphates (such as HA and
QP were not fermed in the leaching experiments as
long as the phosphoric acid solutions were more con-
centrated than LO0X10-4M. Attempts to atlain
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equilibtium with 1.00%10-*¥ acid failed because
considerable hydrolysis of DCPD wae evident even at
Aow rates 3 to 4 times higher than the rate used with
move concentrated acids. This behavior iz in marked
contrast to that at 25 *C [9] which showed no evidence
of hydrolysis with the same acid.

The following facts show that equilibrium was
closely appreached in the experiments reported here:
(a) the plots of experimental points yielded smooth
curves: [b) the end-over-end experiments {systems &
and %, table 3}, which represent much longer equilibra-
tion times, gave solution compositions in agreement
with those obtained in the leaching experiments;
(c) the system in which equilibrinm was approached
from supersaturation, agreed with that in which equj-
librium was anained from undersaturation with the
same acid: (d) within experimental error, a constant
solubility product was obtained when corrections for
the presence of complexes in solution were introduced.

Dicaleiom phosphate dibvdrate is metaztable with
respect to anhydrous dicalcium phosphate over the
entire range studied and with reepect to OCP and HA,
in part of the range. The matenal in the eolumn was
examined after each experiment with the petrographic
microscope.  With one exeeption, the aystem in which
the mozt concentrated acid was used, no anhydrous
dicalcium phosphate was found. The trace found
in the one exception is believed 1o be too small to
influence the corresponding point ok the isotherm
becayse it is known that the rate of precipitation of
the anhydrous salt is much less than the rate of dis-
solution of DCPD [18]

5.2, End-Over-End Experimants

Since all the compositions shown in table 3 fall on
the DCPD isotherm (hg. 2) obtained in the leaching
experiments, the rate of precipitation of more basic
calcium phosphates (such as OCPF and HA) in the
end-over-end experiments must have been signifi-
cantly lower than the rate of dissolution of DCPD.

With only DCPD and OCP present as solid phazes,
the solution composition should approach the DCPD-
{OCF singular point. The formation of HA in such a
system would cause compositions to shift toward the
more acid region. This would create a condition of
undersaturation with respect to OCP; the OCP would
then dissolve, leading to supersaturation with respect
to DCPD. The diasolution of OCP and precipitation
of DPCPD would thus tend to maintain the pH at a
higher level, approaching that of the QCP-DLCPD
singular point. Therefore, depending upon the rela-
tive rates of these three reactions, the solution com-
position would be either at the DCPD-0OCP singular
point or somewhere on the acid aide of this peint. In
agreement with these considerations, the 100 < 10-3 M
acid yielded an equilibrium pH of 6.295 in the leaching
expetiments; the same acid after 288 hr in the end-over-
end experiments gave a pH of 5.653. The difference
must be attributed 1o the formation of HA,  Likewise,
it is probable that the DCPD—OCP singular point has

a pH above the value 5984 obtained with the 1.00
¥ 101 M aeid afier 264 hr.

The konic product for OCP, (Cat+{H+HPOTP,
calculated for the solution with pH 5.984 (3=10.08)
is 38 x10-%, Because of the foregaing reasons, the
sofubility product of OCP at 37.5 “C must be greater
than 3.8 10~ which puts it in the neighborhood of
the product reported for 25 °C, 1.25 X 107 [14],

In the absence of QCP, the 100 % 1004 M acid gave
solutions with pH wvalues below 5984, the value
obtained in the presence of OCP: at 24 hr the pH was
5.883 and it decreased 1o 5.281 aflter 960 hr. Pre-
cipitation of HA liberates acid which s not neatralized
by dissolution of OCP when the latter iz absent.
Conzequently, the pH in the time series with 1.00
* 10-* M acid in the absence of OCP, decreased fairly
capidly 1o approach that of the DCPD-HA singular
point. The results suggest that the gH of the DCPD-
HA singolar point is below 5.281, and probably above
5.132, the value gbtained in system 8, table 3, in which
no hydrolysis was detected after 192 hr.

The hydrolysis steps outlined in the foregoing dis-
cussion are consistent with the known behavior of
DCPD [9, 10] and of OCP [19]. The formation of
OCP by hydrolysis of DCPD in aquecns solutipns
occurs at 25 °C, but it was possible [10] to determine
the singular point for these 1wo salts, because at 25 °C
hydrolysis of OCP 1o HA is toe slow to displace the
composition from that of the singular point.

5.3. lon-Pair Formuation

The values for the concentrations of the ion-pairs
(CaHPO,J' and [CaHPO,]*, X° and ¥+, in the most
dilute solution were selected from an array according
t the following criteria:

{a) The calculated value for K, cannot be higher
than the minimum value for Xz, in table 1; (b} the sum
of the concentrations of the jon pairs canmot be higher
than either thke total Ca or £ concentrations in any of
the systems considered; (¢) there must be & minimom
in the fraction (#/P) of F complexed and it should coin-
cide with the minimum in the value of K, in figure 3;
{d) the wariance of Ki;p obtained with the final values
of A* and ¥} should be an absolute mindmum with
tespect to all other possible pairs of values for these
parameters.

Designating values for X and ¥+ for the most dilote
solution fixes a mrmerical value of K, for all the other
solutions because the quantities (¥ ){iF*} and X" in
eq {(12) are constanis in the adopted model. This
is why the gquantity K, does not appear in table 2 along
with the calculated values for K¥ and K}, The value
derived for K is 5.16 % 10-9,

The value for the acid ionization constant, K, of
the species [CaH.PO,]t, 5.16 X 10-%, is one hundred
times the second jonization comstant of phosphoric
acid; this ion-pair iz thus a stronger acid thar HPO;,
presumably due to the proximity of the charge of the
caleium ion.
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If the reasonable assumption is made that the ratio
of Ky/Kr ia of the same order of magnitude as K,/K;
or KafKs for phosphoric acid, the value of K, would be
of the order of 10-*'. This means that the activity
of the species [CaPQ.]" in the system with the highest
PH would be of the order of 10—% M, which is negli-

ibte relative to the activities of Ca++ and HPOF.
%herefore, ignoring the concentration of the species
[CaPO,]- in the calenlations is justified.

In a previous study of the solubility of DCPD at
25 °*C ], the possibility of complexing was not ruled
out, but the data were treated by an empirical method
that gave K.y by extrapolation to zero jonic streagth.
The 25° data are being re-evaluated in this laboratory,
taking into account jon-pair formation.

According to the present treatment, it appears that
as much as 20 percent of the calcium was ion-paired
{e.g., system No. 8, table 1. The model adopted for
the treatment of the jon pairs is not exempt from un-
certainties; for example, it is impossible to ascertain
the adequacy of eq (3) for calculating activity coefh-
cients. On the other hand, the variation of the solu-
hility product constant could not be explained simply
in terms of activity coefficients becanse (a) the ex-
tended Debye-Hiickel limiting law should give reason-
ably good values for activity coefficients in solutions
as dilute as those used here, and {b) it i3 unlikely that
the minimum in the value of K, which occurs at
g == 0.025 is related to minima in mean activity coefh-
cienls which are sometimes observed: such minima
pocur  at  concentrations much higher than those
described here,

5.4, Comparison With Reported Data

Davies and Hoyle [20] reported disseciation conatants
at 25 *C for systems containing sodiutn and potassium
phosphate buffers and calcium jodate. Allowing
for experimental differences, the constants obtained
by Davies and Hoyle, X} (257=1/.002=5X10* and
K} (257=1{.084=11.8, are in reasonsble agreement
with those given here, K} {37.5°)=5.88 X 1{* and K}
(37.5%=7.49.

Bjerrum [21] studied the three component system
CalOHy—H,PO—H.0 at 18 °C in the pH range 6 10 8

in the absence of solid phazes. He concluded that a
" model involving the ion-pair [CaHP{},]" or any of the
ion pairs [CailHPOu)]*-, [Ca(HPOPO)*-, or
[CaiPO4L] -, would fit his data. Models involving
[CaHP{},]® alone or in combination with any of the
above jon pairs with CafP ratios of 1/2 gave variable
K, values when vsed with the present data. The
uniy model giving reascnably constant K,p values was
the ane with the ion pairs [CaHPQy]" and [CaHPD,]+.
It iz believed that the condition of satyration with
respect to DNCPE), which demands a constant activity
for the species [CaHP(y)®, is more determinative
than the conditions used by Bjerrum.

More recently, Greenwald [22] used Bjerrum’s data
10 caleulate values for the instability constant of

[CaHPOu): these varied from 1.01 to 9.55 % 10-3.  As
in previgus reporis by the same author [23, 24), ionic
coificentrations were nsed instead of activities. For
this reagon, and because the procedure used in his
calculations is not detsiled, a direct comparison of
hiz results with those given here is not poasible. His
average value for the instability constant, 2,77 x 10-13,
gives a K¥ (18 °C)=1/2.77 x 10-%1=3.61 X 10%, This,
too, gives order of magnitude agreement with the
value of K% (37.5 °C)=5.88 x 1{# given here.

Similat rough agreement is found with the result
of Gosselin and Coghlan [25], K* (25 °C) =1/1.38 X 102
={.72 X 10”, whe also used fonic concentrations in-
stead of activities in their caleulations.

The negative temperature coefhcient for the solu-
bility of DUPD relates to properties of both the solu-
tion and the solid. For example, with an increase in
temperatere the activity of water increases and it is
conceivable rthat less water is associated with the
caleium and phosphate ions which, then, for com-
patrable eoncentrations, would display a higher activ-
ity; this should reswit in lower solubility of DCPD as
the temgerature increases. However, if the solubility
product,- K.y, decreases as the temperature inereases,
the maghitude of the standard free energy of Formation
of DUPTI must increase with temperature more rapidly
than the sum of the free energies of formation of
Ca**, HPO3, and 2H:0. The solubility produet of
DCPD at 25 °C [9], 2.77 X 10-7, is higher than the value,
219x 107, at 37.5 . However, since no consider-
ation wad given to the formation of ion pairs in solution
at 25 °C, a meaningful comparison is not possible at
present.

An important application of the stability constants
relates o the formation of ion pairs in biological
fluids. Representative figures cited for ionic Ca**
and HPO7 activities in adult human serum, 4.7 x 10-+
and 1.9 x 10— M, respectively [26], give the resuli at
pH=7.4 that about five percent of the calcium or
inarganio phosphorus iz in the form of the ion pair
[CaHP(,). In infant serum, with Ca*+ and HPO7
activities of 4.7 X 10— and 3.7 X 10, the percentage
of calcium and phosphorus in paired forms would
araount to 8 and 5, respectively. For both adulis
and infants, the concentrations of the ion pairs
[CaHyPO,]* and [CaPy]- in sernm appear to be

negligible,
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